Abstract-A hybrid indirect and direct adaptive fuzzy output tracking control schemes are developed for a class of nonlinear multiple-input-multiple-output (MIMO) systems. This hybrid control system consists of observer and other different control components. Using the state observer, it does not require the system states to be available for measurement. Assisted by observer-based state feedback control component, the adaptive fuzzy system plays a dominant role to maintain the closed-loop stability. Being the auxiliary compensation, control and sliding mode control are designed to suppress the influence of external disturbance and remove fuzzy approximation error, respectively. Thus, the system performance can be greatly improved. The simulation results demonstrate that the proposed hybrid fuzzy control system can guarantee the system stability and also maintain a good tracking performance.
I. INTRODUCTION

F
UZZY control methodologies have emerged in recent years as promising ways to approach nonlinear control problems. Fuzzy control, in particular, has had an impact in the control community because of the simple approach it provides to use heuristic control knowledge for nonlinear control problems. In very complicated situations, where the plant parameters are subject to perturbations or when the dynamics of the systems are too complex for a mathematical model to describe, adaptive schemes have to be used online to gather data and adjust the control parameters automatically [1] - [6] . However, no stability conditions have been provided so far for these adaptive approaches. Based on the universal approximation theorem [7] , stable direct and indirect adaptive fuzzy control schemes were first developed to control unknown nonlinear systems with the closed stability given by Lyapunov function method [8] , [9] . Afterwards, several stable adaptive fuzzy control schemes have been introduced for controlling single-input-single-output (SISO) nonlinear systems [10] - [14] . In these adaptive fuzzy control schemes, the controllers are generally composed of two main components. One is fuzzy logic system for the rough tuning. The other is one kind of robust compensator, such as supervisory control [8] , control [10] , sliding-mode control [11] - [14] , or the combination of the latter two, for the fine-tuning. Recently, several stable adaptive fuzzy control schemes are developed for multiple-input-multiple-output (MIMO) nonlinear systems [15] - [20] . However, these adaptive control techniques are only limited to the MIMO nonlinear systems whose states are assumed to be available for measurement. In many practical situations, state variables are often unavailable in nonlinear systems. Thus, the output feedback or observer-based adaptive fuzzy control is required for such complicated applications.
In this paper, indirect and direct adaptive fuzzy controllers are presented for a class of nonlinear MIMO plants with the unavailable state variables based on the previous work [15] - [17] . The adaptive fuzzy logic system is used to approximate the unknown vector functions and then the state observer is constructed, upon which both indirect and direct adaptive fuzzy control system can be developed to control the MIMO system and maintain the system stability. Being the auxiliary compensation, control and the sliding mode control are designed to improve the system performance by suppressing the influence of external disturbance and removing the fuzzy approximation error. Thus, the proposed hybrid adaptive fuzzy control system can guarantee the closed-loop stability, and also attenuate the influence of the matching error and external disturbance to an arbitrarily small level.
II. PROBLEM FORMULATION
Assume that a nonlinear MIMO system is represented by the following set of differential equations:
. . . [22] .
Control Objectives: Determine a output robust fuzzy controller and an adaptive law for adjusting the parameter vectors such that the following conditions are met.
i) All the signals involved are uniformly bounded and . ii) For a prescribed attenuation level , the following tracking performance is achieved as (4) Where , are weighing matrices, is an adaptation gain, and .
III. OBSERVER-BASED INDIRECT ADAPTIVE FUZZY CONTROL
Let MIMO fuzzy logic systems and be of the form [17] ( 5) where If the state variables of (1) are available for measurement, the fuzzy control can be chosen as [16] , [17] (6) where and are fuzzy systems to approximate and , respectively. is a robust control to attenuate the disturbance effect on system outputs; and is the feedback gain vector to make the characteristic polynomial of to be Hurwitz. If the state variables are unavailable for measurement, controller (6) can not be used to control nonlinear system (3). Thus, by replacing the system state and error with their estimates and , controller will be designed as (7) where is the same as in (6), is the feedback control for and need to be designed; and is a sliding-mode control to compensate fuzzy approximation errors. and be of the following form:
Since , substituting (7) into (3) yields (10) Thus, the problem has been converted to the classical problem of designing a state observer for estimating the state vector in (10) . Design the observer as follows: (11) where is the observer gain vector to make sure that the characteristic polynomial of is strict Hurwitz. Define the observation error as and subtracting (11) from (10) results in (12) It is assumed that , , and belong to compact sets , , and , respectively, which are defined as where , , , and are the designed parameters, and is the number of fuzzy inference rules. Define the optimal parameter vector ,
and fuzzy approximation error .
Then, the error dynamic (12) of the observation can be formulated as (16) According to (12) , (13), and (14), (16) 
Theorem 1:
For the nonlinear system (3), the indirect adaptive fuzzy control law is chosen as (7) with robust and sliding control in (22)- (22) 
The architecture of the observer-based indirect adaptive fuzzy control system is illustrated in Fig. 1 .
IV. OBSERVER-BASED DIRECT ADAPTIVE FUZZY CONTROL
In this section, it is assumed that is a known constant matrix. If the state variable is available for measurement, the direct fuzzy controller is chosen as (25) where fuzzy logic system aims to directly approximate the following control law: (26) and is a robust control to attenuate effects of both fuzzy approximation errors and the external disturbance.
If the state variable is not available for measurement, the direct fuzzy controller (25) has to be modified as (27) where is a robust control, is a feedback for the estimated errors, and is a sliding control to cope with the fuzzy approximation errors. Substituting (26) and (27) into (3) results in (28) Equation (28) can be formulated in the form of (29) Design the state observer as (30) where is the observer gain vector to guarantee the characteristic polynomial of to be Hurwitz.
If the observation error is defined as , subtracting (30) where is an error parameter. (43) where is a prescribed attenuation level, is a matrix, is a positive parameter to be designed, and . Theorem 2: For the nonlinear MIMO system (3), the fuzzy controller law is chosen as (39)-(42) with parameter adjusting law (43). If Assumptions 5 and 6 are satisfied, the direct adaptive fuzzy control scheme proposed can guarantee the following properties: 1) , , , , ; 2) the tracking performance (4) is achieved for a prescribed attenuation level . The proof of Theorem 2 is given in Appendix C. Remark 2: Remark 2 is similar to Remark 1 that is given in Appendix B.
The architecture of the observer-based direct adaptive fuzzy control system is illustrated in Fig. 2. 
V. SIMULATION
A. Observer-Based Indirect Adaptive Fuzzy Control Approach
Consider the nonlinear differential equation given by 
Denote
In the same way as [17] , onstructing fuzzy systems and and by using observer (17), we obtain the estimated , thus, we have fuzzy systems and , respectively. Let , , , , . Adaptation adjusting factors are chosen as , and . The initial conditions are chosen as and the tracking reference signals as Given the prescribed attenuation level , taking . According to Appendix B, , are chosen to make ( ) be SPR. For the given , two positive-definite matrices are solved from (18) and (19) The simulation results are shown in Figs. 3 and 4 . A good tracking performance can be achieved as shown in Fig. 3 where a perfect estimate of states is obtained.
B. Observer-Based Direct Adaptive Fuzzy Approach
Consider the following nonlinear systems: 
VI. CONCLUSION
Both indirect and direct adaptive fuzzy controls in hybrid structure are proposed for a class of nonlinear MIMO processes.
Using the state observer, it does not require the system states to be available for measurement. Aided by observer-based state feedback control, the adaptive fuzzy system behaves a primary control system to maintain a stable control of the MIMO process. Being the auxiliary compensation, the control and the sliding mode control components are designed to improve the system performance without disturbing the original stability. The control will suppress the influence from external disturbance and the sliding control will remove the fuzzy approximation error. The proposed hybrid adaptive fuzzy system not only guarantees the closed-loop stability, but also achieves the desired tracking performance.
APPENDIX A
A. Proof of Theorem1
Consider the Lyapunov function candidate
The time derivative of is (A2)
Substituting (11) and (19) • If a positive-definite does not exist for (19) , then (17) ( , , ) can be converted to the strictly positive-real (SPR) system by using the same way as in [21] . The details are as follows.
First, the output error dynamics of (17) can be formulated as Similar to the proof of Theorem1, we can complete the proof of Theorem 2.
